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FOREWORD 

The work descr ibed he re in  is  being performed by the  General Electric Company 
under the  sponsorship of t he  National Aeronautics and Space Adminis t ra t ion 
under Contract  NAS 3-2534. Its purpose, as ou t l ined  i n  the c o n t r a c t ,  is t o  
eva lua te  m a t e r i a l s  s u i t a b l e  f o r  potassium l u b r i c a t e d  jou rna l  bear ing  and 
s h a f t  combinations f o r  use i n  space s y s t e m  turbogenerators  and, u l t ima te ly ,  
t o  recommend those materials most appropr ia te  f o r  such employment. 

R .  G. Frank, Manager, Physical  Metallurgy, Materials and Processes ,  is 
adminis te r ing  the program f o r  t he  General Electric Company. L. B. Engel, Jr., 
T. F. Lyon, W .  H.  Hendrixson and B. L .  Moor are d i r e c t i n g  the  program i n v e s t i -  
g a t i o n s .  The des ign  f o r  t he  f r i c t i o n  and wear testers w a s  executed by H. H. 
Erns t  and B. L. Moor. 

-ix- 



1 

The program reviewed i n  t h i s  t h i r t e e n t h  q u a r t e r l y  r e p o r t ,  covering a c t i v i t i e s  
from A p r i l  22, 1966 t o  J u l y  22, 1966, is  performed under the  sponsorship of 
the  Nat ional  Aeronautics and Space Adminis t ra t ion.  Its purpose is  t o  eva lua te  
materials s u i t a b l e  f o r  potassium lub r i ca t ed  j o u r n a l  bear ing and s h a f t  a p p l i -  
ca t ions  i n  space s y s t e m  turbogenerators  opera t ing  over a 400° t o  1600°F 
temperature range.  The c r i t i c a l  r o l e  of besr inge i n  such systems demands the  
maximum r e l i a b i l i t y  a t t a i n a b l e  wi th in  tsday 's s t a t e -o f - the -a r t .  Achieving 
t h i s  r e l i a b i l i t y  r e q u i r e s  an i n t e r d i s c i p l i n a r y  epproach employing the  bes t  
mechanical designs of j o u r n a l  bearings combiced wi th  the  s e l e c t i o n  of t he  
optimum mate r i a l s  t o  se rve  as the  s t r a c t u r a l  members. S a t i s f y i n g  t h i s  l a t t e r  
requirement c o n s t i t u t e s  the  aim of t h i s  prcgram. 

A number of i n v e s t i g a t o r s  have conducted s t u d i e s  i n  t h i s  f i e l d  and t h e i r  con- 
t r i b u t i o n s  have advanced tke s t a t e -a f - the -a r t  considerably (Sect ion V, RSf e 1 
Although t h e i r  work is s i g n i f i c a n t ,  .ikere a r e  no common cr i ter ia  f o r  a compari- 
son of t he  e x i s t i n g  d a t a .  Therefore, e s t a b l i s h i n g  a u n i f i e d  approach t o  the  
development and eva lua t ion  of ma te r i a l s  for potassium l u b r i c a t e d  bear ing  a p p l i -  
c a t i o n  i s  deemed e s s e n t i a l .  The prDgram involves  a comprehensive i n v e s t i g a t i o n  
of material p rope r t i e s  adjudged r e q u i s i t e  t o  r e l i a b l e  j oiirnal bear ing ope ra t ion  
i n  t h e  proposed env i ro raen t  e This inc ludes  : 1 )  cor ros ion  t e s t i n g  of i nd iv idua l  
materials and p o t e n t i a l  bear ing couples i n  potzssfum l i q u i d  and vapor, 2 )  
determina t ion  of hot  hardness,  hot compressive s t r e n g t h ,  modulus of e l a s t i c i t y ,  
thermal  expansion and dimensional s t a b i l i t y  characteristics, 3) wet t ing  tests 
by potassium and 4) f r i c t i o n  and w e a r  measuremefits of s e l e c t e d  bear ing  couples  
i n  h igh  vacuum and i n  l i q u i d  potassium. 

I n  coopera t ion  w i t h  the  cogcizant  N4SA T e c h i c a l  Manager, 14 candida te  materials 
w e r e  s e l e c t e d  (Table I) f ro= a compilat ion of e x i s t i n g  d a t a  on a v a i l a b l e  mate- 
r ia l s .  The materials reviewed f a l l  i r t o  f . x r  broad ca t egor i e s :  

Guperallovs 2r.3 r e f r a c t o r y  a l l c y s  wi th  and 
ni t hoJ t  sur22ce t rea tmes t  e 

Commercizl m e t z l  bonded ca rb ides  

Ebefrzctory compoamds such 2.4 s t s b l e  oxides , 
ca rb ides ,  borides  ~ n d  n i t r i d e s  e 

Each m a t e r i a l  is  procured frnm apprqpriato s u p p l i e r s  t o  matua.lly acceptab le  
s p e c i f i c a t i o n s  and subseqLently,  i s  s ~ b 3 r c f  t o  chemical, phys ica l  and 
m e t a l l u r g i c a l  analyses  t o  dccnnent its c h a r a c t e r i s t i c s  before  u t i l i z a t i o n  i n  
the  program. A f t e r  the  docume3tatFon cf processes  ar?d p r o p e r t i e s ,  t he  candi-  
d a t e  mterials undergo cor ros ion ,  dimexxional s t a b i l i t y ,  thermal expansioY, 
Compression and hot k-zrdness t e s t i n g .  Cors idzr ing  zhe bear ing m a t e r i a l  



requirements and t h e  information obtained on t h e  candidate  bear ing materials 
which were subjected t o  both potassium and non-potassium t e s t i n g ,  seven materials 
combinations l i s t e d  below were s e l e c t e d  i n  cooperation wi th  t h e  NASA Technical 
Manager. Potassium co r ros ion  and wet t ing tests and f r i c t i o n  and wear measure- 
ments i n  high vacuum and l i q u i d  potassium have proceeded with these  combina- 
t i ons .  

Rotat ing Disc 

"1. Grade 7178 

S ta t iona ry  Rider  

Mo-TZM 

2 .  Mo-TZM Grade 7178 

"3. Grade 7178 Grade 7178 

4 .  Carboloy 907 Mo-TZM 

5. Carboloy 907 Carboloy 907 

6 .  TiC+lO%Cb Ilo-TZM 

"7 TiC+lO%Cb TiC+lO%Cb 

Those materials combinations marked with an a s t e r i c k  (") were s e l e c t e d  f o r  
f r i c t i o n  and wear t e s t i n g  i n  both l i q u i d  potassium and high vacuumo Where 
s i g n i f i c a n t  d i f f e r e n c e s  i n  hardness e x i s t ,  t h e  s o f t e r  material, i , e , ,  Mo-TZM 
a l l o y ,  w a s  s e l e c t e d  as t h e  r i d e r  m a t e r i a l  ( s t a t i o n a r y  specimen) t o  f a c i l i t a t e  
wear-in during t e s t i n g  i n  l i q u i d  potassium. Couple No. 2 was s e l e c t e d  t o  
determine what a f f e c t  a hard r i d e r  material would have on t h e  wear p a t t e r n  of 
a s o f t  d i s c  material i n  comparison with t h e  reverse combination. 

The d e c i s i o n  t o  p l a c e  considerable  emphasis on t h e  r e f r a c t o r y  metal bonded 
ca rb ides  w a s  based on t h e i r  e x c e l l e n t  s t a b i l i t y  a t  t h e  higher  temperatures.  
A l s o ,  i t  has  been shown i n  r ecen t  f r i c t i o n  and wear tests and f u l l  s c a l e  bear- 
ing tests, using l i q u i d  potassium as a l u b r i c a n t ,  t h a t  t h e  hard/hard combina- 
t i o n s  appear t o  be supe r io r  t o  the  h a r d / s o f t  combinations. 
of t h e  hard/hard combination over the h a r d / s o f t  combination i s  bel ieved t o  be 
due t o  t h e  tendency of wear d e b r i s  from t h e  hard material t o  become imbedded 
i n  t h e  s o f t  material of t h e  h a r d / s o f t  combination r e s u l t i n g  i n  a c u t t i n g  
a c t i o n .  

The s u p e r i o r i t y  

Therefore,  emphasis i s  being placed on t h e  hard/hard combinations, 

The u l t i m a t e  product of t h i s  program w i l l  be a recommendation, s u b s t a n t i a t e d  
with complete documentation, of t h e  material o r  materials which have t h e  
g r e a t e s t  p o t e n t i a l  f o r  use i n  a l k a l i  m e t a l  j o u r n a l  bear ings i n  high speed, 
high temperature r o t a t i n g  machinery f o r  space app l i ca t ions .  

-2- 



11. SUMMARY 

During t h e  t h i r t e e n t h  q u a r t e r  of t h e  program, t h e  t o p i c s  abs t r ac t ed  below were 
covered and t h e  r e s u l t s  presented i n  t h i s  r e p o r t .  

Eight f r i c t i o n  and wear tests were conducted i n  t h e  high vacuum f r i c t i o n  and 
wear tes ter .  
Mo-TZM a l l o y  vs  Carboloy 907, Carboloy 907 v s  i t s e l f ,  Grade 7178 v s  Mo-TZM a l l o y ,  
and Mo-TZM a l l o y  v s  TiC+lO%Cb. Tests were conducted a t  RT, 400°, 800° ,  and 1200'F, 
a t  p re s su res  of 10-9 t o r r ,  and speeds of 800 SFM. 
f r i c t i o n  va lues  f o r  t h e s e  materials a r e  high wi th  values  gene ra l ly  exceeding 0.8.  
The c o e f f i c i e n t  of f r i c t i o n  f o r  Carboloy 907 vs  i t s e l f  a t  1200'F and a Hertzian 
stress of 370,800 p s i  was 0.57. Although a l l  t h e  d a t a  are not f u l l y  eva lua ted ,  
t h e r e  appears t o  be a t r e n d  of decreasing f r i c t i o n  w i t h  i n t e r f a c i a l  temperature. 

The candidate  bearing ma te r i a l  combinations t h a t  were t e s t e d  were: 

The average c o e f f i c i e n t  of 

Four f r i c t i o n  and wear tes ts  were completed success fu l ly  i n  l i q u i d  potassium. 
The candidate  bear ing materials t h a t  were t e s t e d  were: Mo-TZM a l l o y  v s  Grade 
7178, Grade 7178 vs i t s e l f ,  and TiC+lOy&b vs  i t s e l f .  The tests were conducted 
a t  400' and 800'F and a t  speeds of 1000 SFM. Chemical analyses  of t h e  po ta s -  
s ium sampled before and a f t e r  t h e  tests were conducted ind ica t ed  an oxygen con- 
t e n t  of less than  10 ppm. The average c o e f f i c i e n t  of f r i c t i o n  for TiC+lO%Cb vs  
i t s e l f  a t  400'F w a s  excep t iona l ly  low w i t h  a c a l c u l a t e d  value of 0.07. I n  t h i s  
case, t h e  c o e f f i c i e n t  of f r i c t i o n  decreased from 0.15 t o  0.04 over t h e  60- 
minute test  pe r iod .  A tes t  load of 2 .8  l b s  t o  produce a Hertzian stress of 
300,000 p s i  had been a p p l i e d .  

A l l  of t h e  e l eva ted  temperature compression tests of 13 cand ida te  bear ing mate- 
r i a l s  have been completed and t h e  r e s u l t s  r e p o r t e d .  The tes ts  were conducted 
i n  a vacuum of t o r r  and a t  temperatures of 800°, 1200°, and 1600'F. The 
e las t ic  l i m i t  was exceeded for t h e  fol lowing materials a t  t h e  i n d i c a t e d  temper- 
a t u r e s :  a t  RT and above, Mo-TZM, tungs t en ,  S t a r  J ,  Carboloy 907, Carboloy 999, 
and Zircoa 1027 ( Z r 0 2 ) ;  a t  800'F and above, Grade 7178; a t  1200'F and above, 
TiC+5%W, TiC+lO%Mo, TiC+lO%Cb, and T iB 2 ; a t  16OO0F, T i C .  Lucalox (A12031 
was t h e  only ma te r i a l  t o  e x h i b i t  e l a s t i c  behavior t o  f r a c t u r e  a t  a l l  tes t  temper- 
a t u r e s .  
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111. TEST PROGRAM 

A .  COMPRESSION PROPERTIES 

A l l  compression tests have been completed on specimens of t h i r t e e n  candida te  
bear ing m a t e r i a l s  a t  temperatures  of 800°, 1200°, and 1600OF. Depending on t h e  
type of m a t e r i a l  t h a t  w a s  being t e s t e d ,  a s t r a i n  rate of 0.005 inch/inch/minute 
w a s  maintained through t h e  0.2% o f f s e t  o r  u n t i l  f r a c t u r e  occurred.  No at tempt  
w a s  made t o  c o n t r o l  t h e  s t r a i n  r a t e  beyond t h e  0.2% o f f s e t  due t o  t h e  d i f f i c u l t y  
i n  applying t h e  load  a t  a uniform r a t e  a s  t h e  specimen deformed p l a s t i c a l l y .  
The va lve  s e t t i n g  on t h e  t e s t i n g  machine t o  achieve a 0.005 inch/inch/minute 
s t r a i n  r a t e  i n  t h e  e l a s t i c  reg ion  w a s  l e f t  unchanged f o r  t h e  du ra t ion  of the 
t es t .  The modulus of e l a s t i c i t y  w a s  c a l c u l a t e d  from t h e  e l a s t i c  po r t ion  of 
t h e  s t r e s s - s t r a i n  curve which was obtained by means of an LVDT/extensometer 
sys tem.  The extensometer was at tached d i r e c t l y  t o  t h e  specimens dur ing  a l l  
tes ts .  Values f o r  u n i t  s t r a i n  were based on an e f f e c t i v e  gauge l eng th  which i s  
equal  t o  t h e  measured gauge length  + 1.44 x wal l  t h i ckness .  The e f f e c t i v e  
gauge l eng th  w a s  determined experimentally using an instrumented Mo-TZM a l l o y  
specimen(2).  
b r a t i o n  methods used f o r  t h e  LVDT/extensometer system and load ce l l  are de- 
s c r i b e d  i n  Quar te r ly  Progress  Reports N o .  7 ( 3 )  and 1 1 ( 2 ) .  

Fur ther  d e t a i l s  of t h e  f a c i l i t i e s ,  t e s t i n g  procedures,  and c a l i -  

The e l eva ted  temperature  compression d a t a  along wi th  t h e  da t a  obta ined  previous ly  
a t  room temperature  are repor t ed  i n  Table I1 and presented  i n  F igures  1 t o  13. 
From t h e s e  d a t a  it is r e a d i l y  apparent t h a t  t h e  s t r e n g t h  of t h e  Carboloy 999 
specimens a t  room temperature  and t h e  s t r e n g t h  of Carboloy 907 and Grade 7178 
specimens at room temperature  and 800°F exceeded t h e  115,000-lb l i m i t  of t h e  
Baldwin t e s t i n g  machine. A 115,000-lb load  on t h e  specimens produces a com-  
p r e s s i v e  stress i n  excess of 600,000 p s i .  I n  t he  cases where cons iderable  p l a s t i c  
flow w a s  observed and f r a c t u r e  d id  not occur wi th in  t h e  load l i m i t  of t h e  t e s i n g  
machine, t h e  tests were terminated at a t o t a l  s t r a i n  of 5%. 
minated at a t o t a l  s t r a i n  of 5% f o r  t h e  fol lowing materials: Mo-TZM a l l o y  (a l l  
test temperatures) ,  unal loyed tungs ten  (800°, 1200°, and 1600°F), and Carboloy 
907 (1600°F). 
t e rmina ted  P t  3 .3%.and 2% t o t a l  s t r a i n  r e spec t ive ly .  

T e s t s  w e r e  ter- 

The 1200°F and 1600°F tests f o r  Carboloy 999 were a r b i t r a r i l y  

Examination of t h e  load - s t r a in  curves i n  Appendix A, Figures  A-1 t o  A-13,  
r evea led  t h e  ex i s t ance  of an elastic l i m i t  f o r  each of t h e  fol lowing materials 
a t  t h e  i n d i c a t e d  temperatures  : 

Material C l a s s  

A .  Nonrefractory Metals and 
Al loys  

Indica ted  Temperature 
a t  Which Material 

Deviated from E l a s t i c  Behavior 
RT 800°F 1200'F 1600°F - Candidate Material 

S t a r  J X X X X 
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Indicated Temperature 
at Which Material 

B. Refractory Metals and 
I Alloys 

C. Fe-Ni-Co Bonded Carbides 

D. Refractory Compounds - 
Oxides, Carbic$es, Borides 

E .  Refractory Metal Bonded 
Carbides 

All of the specimens tested 

Candidate Material 

Mo-TZM Alloy 

Tungsten 

Carboloy 907 

Carboloy 999 

Lucalox (Al203) 

Zircoa 1027 (Z,Oz) 

TiC 

TiB2 

TiC+5%W 

Ti C+1 O%Mo 

TiC+lO%Cb 

Grade 7178 

at a lower temperature 
in the above tabulation exhibited elastic behavior 

Deviated from Elastic Behavior 
RT 800°F 1200OF 1600°F - -  

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X - - - 
- X X 

- X X 

- 

- 
X X - - 
X X 

- X X X 

- - 

than the temperature indicated 
until fracture occurred. The 

maximum elastic strain and the total strain at fracture or termination of the 
test f o r  each material are given in Table 111. Deviation from elastic behavior 
of the Carboloy, Grade 7178, and Zircoa 1027 materials at the lower temperatures 
is associated with grain boundary slip due to the presence of weaker cobalt-rich 
and molybdenum-rich phases in the grain boundaries of the Carboloy and Grade 7178 
material, respectively, and weaker, secondary phases formed by the additions of 
stabilizing elements in the Zircoa 1027 material. However, since atomic bonding 
in the refractory metal bonded carbides is believed to be metallic in nature, 
plastic flow of the pure carbide crystals should be expected to occur at some 
temperature. The inflection in the strength curve for Zircoa 1027 may be asso- 
ciated with crystallographic transformation. 

Of the refractory metal bonded Tic materials, the 10% columbium addition had the 
most apparent effect on the deformation behavior of a Tic compact. 
material was the only solid state bonded Tic containing body to exhibit a 0.02 % 
deviation from elastic behavior at a temperature as low as 1200 F .  The Tic 
specimen exhibited elastic behavior until fracture at all temperatures except 
160O0F. Lucalox (A1203) was the only material to exhibit elastic behavior to 
fracture at all test temperatures. 

The TiC+lO%Cb 

0 
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I n  order  t o  observe the  i n i t i a t i o n  of f a i l u r e ,  a t t e m p t s  were made t o  te rmina te  
t h e  test  j u s t  p r i o r  t o  f r a c t u r e .  This  was accomplished by c l o s e l y  watching t h e  
l o a d / s t r a i n  p l o t  as t h e  specimens were loaded and r e l e a s i n g  t h e  load a t  t h e  
appropr i a t e  t ime.  Pos t - t e s t  examination of t h e  specimens i n  a h i c h  t h i s  tech-  
nique w a s  t r i e d  revea led  t h e  incep t ion  of f a i l u r e  i n  t h r e e  of t h e  specimens 
t h a t  w e r e  t e s t e d  a t  1200*F: Carboloy 907 (MCN 10364-6) a f t e r  3*2% t o t a l  s t r a i n  
(2.77% p l a s t i c  s t r a i n ) ,  Carboloy 999 (MCN 10354-5)  s f t e r  3.3% t o t a l  s t r a i n  
(2.89% p l a s t i c  s t r a i n ) ,  and TiC+5%W ( M a  104343-2) a f t e r  0.74% t o t a l  s t r a i n  
(0.06% p l a s t i c  s t r a i n )  and one of t h e  specimens t h a t  w a s  t e s t e d  a t  800°F:  Zircoa 
1027 (MCN 104OG-7) a f t e r  1.6% t o t a l  s t r a i n  (1.09% p l a s t i c  s t r a i n ) .  Photograpt-s 
of t h e  specimens showing long i tud ina l  cracks i n  t h e  gauge s e c t i o n  a r e  presented 
i n  F igures  14  t o  17 .  I n i t i a t i o n  of f a i l u r e  a l s o  was observed i n  t h e  unalloyed 
tungs ten  specimens t e s t e d  a t  1600°F (MCM 1038-6-8) and a t  1200JF (MC5 10384-7') 
a f t e r  te rmina t ion  of t h e  test  a t  570 t o t a l  s t r a i n ,  shown i n  Figure 18. The 
p a t t e r n  of cracking i n  t h e  tungsten specimen i s  very s i m i l a r  to the  shape of 
t h e  p i eces  from a s i m i l a r  specimen t h a t  f r a c t u r e d  a t  room temperature ,  Figure 
19.  Photographs of specimens t h a t  d i d  not  f a i l ,  showing t h e  ex ten t  of p l a s t i c  
deformation, a r e  presented i n  Figures  20 th ru  26. 

The high vacu:m f r i c t i o r ,  and wear test program w a s  conyleted dL::ing t h i s  r epor t  
i n t e r i m .  The f i n a l  eig:?? f r i c t i o n  and wearP t e e t s  + e r e  eoraucted a t  room tenper -  
a t u r e ,  400°, 800° ,  and 1280°F, a t  speeds of 800 536, and a t  i n i t i a l  p re s su res  
i n  the  10-9 t o r r  range ,  A t o t a l  of 65 t e s t a  were csndzlcted i n  t h e  program. 

The results of t h e  test a r e  summarize2 i n  Table IP. Cozf f i c i en t  of f r i c t i o n  
va lues  w e r e  h igh i n  a l l  tests and, again,  i t  is  eviden.t t h a t  a high wear r a t e  
r e s u l t s  when t h e  re la t i ive ly  s o f t  Wo-TZM a l l o y  is  u t i l i z e d  a s  t h e  r o t a t i n g  disc 
material i n  combination wi th  a hard lrider m a t e r i a l .  Short; t e s t i n g  t imes of 
l e s s  t han  60 minutes is  t h e  r e s u l t  of high f r i c t i o n  between t h e  specimens which 
l e a d s  t o  s l i ppage  i n  t h e  magnetic d r i v e .  The s t a t i c  breakaway torque  of t h e  
tester is  r e g u l a r l y  measured a t  about 50 in.-lb, a l lox ing  a f r i c t i o n  f o r c e  of 
25 l b s  a t  t h e  specimen contac t  po in t  two inch5s from t h e  c e n t e r  of r o t a t i o n .  
Although it is  s t rong ly  be l ieved  t h a t  t h e  s h o r t  t e a t  t i m e s  i n d i c a t e  welding of 
t h e  specimens, t h e  average f r i c t i o n  c o e f f i c i e n t s  during t h e  per iod  of r o t a t i o n  
are reasonable .  I n  s e v e r a l  tests, a d i s t i n c t  exponent ia l  rise i n  f r i c t i o n  f o r c e  
can  be de t ec t ed  just before s l i ppage .  Abnormally high w e a r  and. l a r g e  inc reases  
i n  specimen temperatares  a r e  ixzvariably observed when s l ippage  occws. More 
S ign i f i cance  should be a t t zched  t o  t h e  dhcrt t e s t i n g  t i m e s  thar: t o  t Z e  c o e f f i -  
c i e n t s  of f r i c t i o n .  

Sanborn traces showing +he changes i n  f r i c t i o n  c o e f f i c i s n t  w i th  t i m e ,  photographs 
of t h e  test  specimens i l l u s t r a t i n g  wear p a t t e r n s ,  a e i g h t  change d a t a ,  and s u r -  
face f i n i s h  measurements are presenter2 i n  Appendix B. N o  at tempt w i l l  be made 
t o  p resen t  an a n a l y s i s  and i n t e r p r e t a t i o n  of t h e  test d a t a  u n t i l  a l l  of t h e  
tes t  res-alts have been thoroughly eva lua ted .  A l l  of t h e  r z w  t e s t  d a t a  have been 
r e so lved  and a l l  of t h e  f r i c t i o n  and w e a r  resxlts have been c a l c u l a t e d  and t h e  
v a l u e s  v e r i f i e d  by r e c a l c u l a t i o n  on a compater. 

-7- 



C .  FRICTION AND WEAR I N  LIQUID POTASSIUM 

Test  Loads - The high temperature compression d a t a  r epor t ed  i n  Table I1 of 
t h i s  r epor t  were u t i l i z e d  i n  computing the  des i r ed  t e s t  loads  as  percentages of 
t h e  0.2% compressive y i e l d  s t r e n g t h  or of t h e  u l t i m a t e  compressive s t r e n g t h .  
The computation was c a r r i e d  out on a computer. The r e s u l t s ,  shown i n  Table V ,  
w i l l  be used during a l l  f r i c t i o n  and wear t e s t i n g  i n  l i q u i d  potassium. 

T- - The l i q u i d  potassium f r i c t i o n  and wear t e s t e r  was 
assembled f o r  t he  f i r s t  s e r i e s  of t e s t s  t o  be conducted i n  l i q u i d  potassium. 
Incorporated i n  t h e  'assembly build-up were 7207 angular  contac t  b a l l  bear ings  
wi th  machined r e t a i n e r s  coated wi th  a mixture of 62%BaF2+38%CaFZ. 
was appl ied  t o  t h e  r e t a i n e r s  a t  NASA-Lewis Research Center .  

The coa t ing  

Af ter  appropr i a t e  bakeout cyc le s ,  t h e  system w a s  evacuated t o  a p re s su re  of 
1.5 x t o r r  us ing  a ge t t e r - ion  pump. Subsequently,  t h e  t e s t e r  was pressur ized  
wi th  argon t o  a p re s su re  of 15.0  ps ig  and p u r i f i e d  potassium was t r a n s f e r r e d  
from t h e  f a c i l i t y  hot t r a p  through a five-micron f i l t e r  t o  t h e  Cb-1Zr a l l o y  sump 
t o  a l e v e l  of 0.125 inch  below t h e  lower  specimen ho lde r .  P r i o r  t o  t r a n s f e r r i n g  
t h e  potassium t o  t h e  sump, t h e  potassium was hot t rapped f o r  50 hours a t  1200°F. 

Using c a l i b r a t i o n  and test procedures decr ibed i n  Q u a r t e r l y  Progress  Report 
N o .  12 (41 ,  t h e  fol lowing t e s t  w a s  conducted i n  l i q u i d  potassium: 

Tes t  Mater ia l  
Assembly No. T e s t  No. Rider D i s c  Temp, OF Speed, SFM Load 

KI I 104K10K Mo-TZM 7178 400 1000 K(0 .081 
I b )  

The e x t e r n a l  hea t ing  elements a t tached  t o  t h e  inner  wa l l  of t h e  double wa l l  
Type 304 SS test  chamber, which surrounds t h e  Cb-1Zr a l l o y  sump, were used t o  
heat  t h e  potassium t o  t h e  test temperature .  The s h a f t  w a s  r o t a t e d  t o  a speed 
of 955 RPM (1000 SFM test speed) and a f t e r  a per iod  of 14 minutes t o  permit 
t h e  test specimens t o  reach  t h e  test temperature ,  t h e  Mo-TZM a l l o y  r i d e r  s p e c i -  
men loca ted  i n  t h e  c a l i b r a t e d  upper loading a r m  was permi t ted  t o  con tac t  t h e  
r o t a t i n g  Grade 7178 d i s c  specimen for a 10 minute run-in pe r iod .  
temperature  was measured a t  t h e  fol lowing f o u r  loca t ions :  

The test  

Chromel/Alumel Thermocouple Location Measured Temp., O F  

370 Thermowell i n  upper loading arm i n  contac t  w i th  
r i d e r  specimen 

Thermowell p ro t ruding  i n  potassium spray over 
lower d i s c  specimen 

Thermowell i n  potassium l i q u i d ,  0.375 inch  from 
l i q u i d  l e v e l  

395 

408 

Thermowell a t  bottom of Cb-1Zr a l loy  sump 41 0 
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Afte r  t h e  run-in per iod ,  t h e  test load was appl ied  and t h e  test  proceeded f o r  60 
minutes.  The test  resul ts  a r e  summzrized i n  Table V I .  The average c o e f f i c i e n t  
of f r i c t i o n  f o r  t h e  Mo-TZM a l l o y  vs Grade 7178 combination was c a l c u l a t e d  t o  be 
0.25. 

A p o s i t i v e  argon p res sa re  was maintained i n  t h e  t e s t e r  and wi th in  t h e  scrround- 
ing  argon atmosphere of t h e  environmental t a n k  and t h e  f l a n g e  over t h e  lower 
loading arm por t  (containing the thermowells f o r  meacuring t h e  temperature  of the 
potassium i n  t h e  sump and over t h e  lower d i s c  spec iasn)  w a s  removed and rep lace9  
wi th  a loading a r m .  Fur ther  l eak  checking a t  t h i s  t i m e  uncoveTed a l eak  i n  the  
diaphragm loca ted  a t  t h e  t o p  of t he  t e s t e r  and i n  t h e  main Whseler f l ange  A l -  
though t h e  leak i n  t h e  diaphragm was repair welded success fu l ly ,  i t  was decided 
not t o  r ep lace  t h e  copper gasket  i n  the main f l ange  a t  t h i s  t ime .  To do s o  
would r e q u i r e  complete disassembly and c leaning  the  r e s i d u a l  potassium from 
t h e  t e s t e r .  SLbssquently, the  t e s t e r  v'as evacuated t o  a p re s su re  of 5 x lo-' 
t o r r  (argon) The s y s t e m  was repressur ized  vviith argon t o  a pressure of 1 5 , O  
p s ig  and the  second t e s t  was conducted: 

Test Mateyial 
Assembly No o Test K O o  R i d e r  D i a c  I- -enp "F Speed, SFM Load - _n_ - 

KI 1 304Hl0K 7178 7178 400 1003 H ( O  .829 
l b )  

The test r e s u l t s  a r e  repor ted  in Table VT., The average c o e f f i c i e n t  of f r i c t i o n  
f o r  t h e  Grade 7178 QS Grade 7178 comhlnation w a s  caPcxla-Led t o  be 0.15. 

The potassium was sampled f o r  chemical a n a l y s i s  ailring t h e  t r a n s f e r  from th6  
Cb-1Zr a l l o y  sump t o  t k e  d l sposa l  tar,% a f t e r  the second test  of Assembly KZ9 an3 
d i s t i l l a t i o n  of t h e  r e s i d u a l  potassiLm i n  t h e  tes+er was i n i t i a t e d .  The auxiE- 
ia-ycryogenic  co ld  t r a p  w a s  incorpozated I n  t h e  t e s t e r  f o r  t h e  d i s t i l l a t i o n  
cycle. D i s t i l l a t i o n  w a s  c a r r i e d  odt f o r  48 howx at  a p res su re  of 4 x t o r r  
and a t  a temperature  of 890'F. However, potassium condensed on t h e  d i s c  s p e c i -  
mens and t h e  d i s c  specimen holders  &de t o  t h e  i n a b i l i t y  t o  hea t  t h e  i n t e r n a l  
components t o  t h e  same tempera$;ure as  t h e  chazber w a l l  and it  w a s  necessary t o  
disassemble t h e  t e s t e r  components as  completely as  poss ib l e  i n  t h e  argon atmos- 
phere i n  t h e  surroLrrdirg e m i r o m - e n t a l  cnambez, bag the  components, and c l e a n  
them w i t h  hexanoljalcoldol and steam. 

Reszllta of t h e  chemical ana lys i s  of t h e  potassiim sampled a f t e r  t h e  second 
tes t  showed an oxygen conkent of 7 ppm, Table T?I0 %E a n a l y t i c a l  procedare 
used w a s  t h e  i n e r t  gas  amalgamation aethod.  

T e s t  Assembly KXII - The BaF2/CaP2 coated components of t k e  second set of 
main s h a f t  bear ings ve re  ouxgassed f o r  fcrl" hours ar; 600GF and a t  a p re s su re  
of 4 x lom6 t o r r .  
a t i o n  so t h a t  tile d i f f e r e n t i a l  thema1 e x p n s i z n  cf the  components would not  
r e s u l t  in i nden ta t ion  of t he  balls 3r races, 

The teay ings  were  not assembled dtiring t h e  outgassing oper- 
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The tester was reassembled with the potassium immersion heater in place and 
the shaft was rotated at 1000 RPM for approximately 15 minutes in air. Subse- 
quently, the system was evacuated to a pressure of 7.5 x torr as a pre- 
liminary system checkout prior to welding the potassium inlet and exit tubes. 
Upon completion of welding the potassium inlet and exit tubes of the tester to 
the facility, the system was helium leak tested and, after appropriate bakeout 
cycles at temperatures of 450°F, the system was evacuated to a pressure of 
2.0 x 10'7 torr. The Cb-1Zr alloy immersion heater, which had been installed in 
Assembly KIII, was evacuated to a pressure of 1.5 x torr by the use of an 
independent pumping system. Subsequently, the tester was backfilled with argon 
to a pressure of 15.0 psig and purified potassium was transferred from the 
facility hot trap through a five micron filter to the Cb-1Zr alloy sump. Prior 
to transferring the potassium to the sump, the potassium was hot trapped for 
50 hours at 1200OF. 

Using calibration and test procedures described in Quarterly Progress Report 
No. d7) and above for Assembly KII, the following two tests were conducted: 

Test Material Temp. Speed 
Load - Assembly No. Test No. Rider Disc O F  SFM 

KIII 308H10K 7178 7178 800 1000 H(2.91 lb) 

KIIP 704H10K TiC+lO%Cb TiC+lO%Cb 400 1000 H(2.81 lb) 

The test results are reported in Table VI. The coefficient of friction 
calculated for test 704H10K (TiC+lO%Cb vs itself) was exceptionally l o w  with an 
initial value of 0.15 steadily decreasing to a value of 0.04. Sanborn traces 
showing the changes in friction with time, photographs of the test specimens 
illustrating wear pattern, weight change data, and surface finish measurements 
are presented in Appendix C. No attempt will be made to present an analysis and 
interpretation of the test data until all of the test results have been evaluated. 

Analytical samples of the potassium were taken from the transfer line from 
the hot trap to the Cb-1Zr alloy sump prior to test 308H10K and from the transfer 
line from the sump to the disposal tank after test 308H10K. The results of 
duplicate analyses by the inert gas amalgamation method show the oxygen content 
to be 5.5 and 6 ppm, respectively, Table VII. Spectrographic analyses for metallic 
impurities also were obtained and the results are shown in Table V P I .  

Potassium Immersion Heater - The final shipment of 14 Cb-1Zr alloy sheathed, 
EY/A1203 insulated immersion heating elements were received from Watlow Electric. 
Quality assurance tests were completed and the results are reported in Table LPII. 
Of the 14 heating elements, three elements were rejected because of possible 
cracks in the welds (penetrant inspection) and three elements are questionable 
because of uneven spacing of the Nichrome V wires (radiographlc Inspection). The 
Low insulation resistance, i.e., on the order of 2.0 megohms is believed to be 
the result of adsorbed water vapor. After appropriate bakeout in vacuum, the 
resistance of the insulation should increase substantially, i.e., )lO,OOO megohms. 

-10- 



The performance of t h e  seven element immersion hea te r  assembly used i n  T e s t  
Assembly K I I P  w a s  e x c e l l e n t .  Approximately 1120 V . A .  o r  50 V.A./sq. i n .  of 
hea te r  su r f ace  a r e a  was u t i l i z e d  t o  heat t h e  potassium i n  t h e  sump t o  800'F. 

Main Shaf t  Bearings - The proposed vendor f o r  t h e  s p e c i a l  7207, Type 440C SS 
main s h a f t  bear ing was v i s i t e d  and approved a s  a procurement source .  Subse- 
quent ly ,  an order  w a s  p laced f o r  t e n  bear ings .  The r e t a i n e r s  a r e  t o  be coa ted  
wi th  BaF2/CaF2 a t  NASA-Lewis Research Center ,  Cleveland, Ohio, under t h e  d i r e c -  
t i o n  of H .  E .  Sl iney .  A s  descr ibed previously,  BaF2/CaF2 coated bear ings  were 
u t i l i z e d  i n  Assemblies K I I  and K I I I  and although some r e t a i n e r  rubbing no i ses  
were ev ident ,  each set of BaF2/CaF2 lub r i ca t ed  r e t a i n e r s  used i n  t h e  main s h a f t  
bear ing assembly success fu l ly  withstood t h e  140 minutes of t e s t i n g  a t  955 RPM. 

-11- 



IV. FUTUREPLANS 

The summary which fo l lows  enumerates t h e  s t e p s  t o  be pursued dur ing  t h e  succeed- 
ing q u a r t e r .  

A .  Complete t h e  l i q u i d  potassium f r i c t i o n  and wear test  program. Mater ia l  com- 
b ina t ions  of Mo-TZM a l l o y  vs  Grade 7178, Grade 7178 v s  i t s e l f ,  and TiC+lO%Cb 
vs i t s e l f  w i l l  be t e s t e d  a t  temperatures t o  1200’F. 

B. Complete t h e  a n a l y s i s  of the f r i c t i o n  and wear d a t a  obtained i n  high vacuum. 

C.  I n i t i a t e  p repa ra t ion  of the f i n a l  r e p o r t .  

-13- 
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65352-14 

Figure  1 4 .  Carboloy 907 Compression Specimen (MCN 1036-G-6) A f t e r  Being Tested 
a t  1200'F i n  a Vacuum of T o r r .  T e s t  w a s  t e rmina ted  a t  516,000 
p s i  and 3.2% T o t a l  S t r a i n  (2.77% P l a s t i c  S t r a i n ) .  Load w a s  Released 
P r i o r  t o  Fai lure--Note Longi tudinal  Cracks i n  Gauge S e c t i o n .  
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65352-15 

Figure 15. Carboloy 999 Compression Specimen (MCN 10354-5) After Being Tested 
at 1200°F i n  a Vacuum of Torr. Test was Terminated at 528,000 
p s i  and 3.3% Total Strain (2 .8W0 Plas t i c  Strain) .  
Prior t o  Failure--Note Longitudinal Cracks i n  Gauge Section. 

Load was Released 
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85352 -16 
Figure 16. TiC+5%W Compression Specimen (MCN 104343-2) After Being Tes ted  at  

1200°F i n  a Vacuum of lom6 Torr. 
p s i  and 0.74% Total Strain (0.06% Plas t i c  Strain) .  Evidence that 
Failure had Init iated i s  Indicated by Spalled Portions of Gauge 
Section. 

T e s t  was Terminated at 349,000 
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85352 -17 
Figure 17. Zircoa 1027 Compression Specimen (MCN 10404-7)  After Eking Tested 

at 800°F i n  a Vacuum of Torr. Test was Terminated at  180,000 
p s i  and 1.6% Total Strain (1.09% Plast ic  Strain) .  Load was Released 
Prior t o  Failure--Note Longitudinal Cracks i n  Gauge Section. 

-49- 



F i g u r e  18. 

85352-18 

S t r e s s  Rel ieved Arc Cast Unalloyed Tungsten Compression Specimen 
(MCN 1038-G-7) A f t e r  Being Tested a t  1200°F i n  a Vacuum of 
Torr .  T e s t  w a s  Terminated a t  41,000 p s i  and 5% T o t a l  S t r a i n  
(4.93% P l a s t i c  S t r a i n ) .  Load w a s  Released P r i o r  t o  F a i l u r e .  
- Note Crack P a t t e r n  i n  Gauge Sec t ion ,  See F i g u r e  19. 
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85352 -20 

Figure  20. As Cast S tar  J Compression Specimen (MCN 1047-G-3) A f t e r  Being 
Tested a t  1600°F i n  a Vacuum of 
a t  52,800 p s i  and 5% Total  S t r a i n  (4.95% P l a s t i c  S t r a i n ) .  

Torr. T e s t  was Terminated 
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Figure 21. S t r e s s  Rel ieved A r c  C a s t  Unalloyed Tungsten Compression Specimen 
(MCN 1038-G-4) A f t e r  Being Tested a t  800°F i n  a Vacuum of Torr. 
Test  was Terminated a t  52 ,800  p s i  and 5% Total S t r a i n  (4.95% P l a s t i c  
S t r a i n ) .  
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85352 -22 

F i g u r e  22. Carboloy 907 Compression Specimen (MCN 1036-G-3) A f t e r  Being T e s t e d  
a t  800°F i n  a Vacuum of 
p s i  and 1.9% T o t a l  S t r a i n  (1 .47% P l a s t i c  S t r a i n ) .  

Tor r .  T e s t  w a s  Terminated a t  607,000 
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Figure  23. Carboloy 907 Compression Specimen (MCN 1036-G-7) A f t e r  Being Tested 

a t  1600°F i n  a Vacuum of 10-6 Torr.  Test w a s  Terminated a t  271,000 
p s i  and 5% T o t a l  S t r a i n  (3.2% P l a s t i c  S t r a i n ) .  
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B5352 -24 

Figure  24. Carboloy 999 Compression Specimen (MCN 1035-G-7) Af t e r  Being Tested 
a t  1600OF i n  a Vacuum of Torr .  T e s t  w a s  Terminated a t  270,000 
p s i  and 2% T o t a l  S t r a i n  (1.76% P l a s t i c  S t r a i n ) .  
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, 
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- ----AI 

Figure 25. Grade 7178 Compression Specimen (MCN 1046-6-10) After Being Tested 
at 1200°F in a Vacuum of lom6 Torr. 
psi and 1.2% Total Strain (0.69% Plastic Strain). 

Test was Terminated at 551,000 
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65352-26 
F i g u r e  26. Grade 7178 Compression Specimen (PKN 1046-G-2) After Being Tested 

a t  8000F in a Vacuum of 10-6 Torr.  
psi and 1 .17% Total Strain (0.75% P l a s t i c  Strain) .  

T e s t  w a s  Terminated a t  602,000 
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APPENDIX A 

STRESS-STRAIN CURVES FOR CANDIDATE 

BEARING MATERIALS I N  COMPRESS ION 
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APPENDIX B 

FRICTION AND WEAR DATA - HIGH VACUUM 

FRICTION AND WEAR TEST PROGRAM 
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